Abstract The wake bubble expansion and contraction by adding a dense-plasma wall in the background plasma during the mode transition from laser wakefield to plasma wakefield acceleration is investigated by particle-in-cell simulations. The electrons are injected continuously into the cavity until the lateral bubble size equals the inner diameter of the wall. The injected electron bunch from the laser wakefield acceleration (LWFA) scheme is quasi phase-stably accelerated forward because of the longitudinal contraction of the bubble. After the laser pulse is depleted completely, the electron bunch generated from the LWFA scheme drives a plasma wakefield. The electrons remaining in the channel are trapped and accelerated by the plasma wakefield. Ultimately, two energetic electron bunches with a narrow energy spread and low emittance are obtained.
Introduction
Laser-driven electron accelerators are capable of producing compact and high-energy electron sources in shorter distances than conventional RF accelerators due to the ultrahigh electric field. The accelerating gradient of the wakefields can exceed 100 GeV/m, which is thousands of times higher than that of a conventional RF accelerator (a few tens of MeV/m) [1] . This laser wakefield acceleration (LWFA) scheme is considered to be the most promising one among the various laser-plasma accelerators [2] . Recent experiments have reported observations of multi-MeV electron bunches with narrow energy spread by Terawatt femosecond laser pulses [3∼5] . The electrons are trapped and accelerated by the intense charge-separation field in back part of the so-called bubble regime, in which most of electrons are pushed away by the laser ponderomotive force and form an electron cavity which contains a strong and almost linear space-charge field [6∼8] .
The self-injection of electrons through wave breaking in the bubble regime remains too difficult to control due to the nonlinear evolution of the laser pulse during its propagation. Nonlinear beam loading further aggravates the situation, leading to continuous uncontrollable self-injection [9] . There have been many schemes proposed to improve the electron self-injection in the wakefield acceleration, including optical injection by colliding laser pulses [10] , injection in downward density ramps [11] , ionization induced trapping [12] , and nanowires [13] . However, few are presented for optimizing the acceleration process of the trapped electron bunch in the bubble wakefield. Furthermore, the electron bunch quality is also limited in terms of wakefieldelectron bunch dephasing length. In the LWFA, the injected electron bunch with velocity close to the light speed will outrun the wakefield and therefore dephases due to the group velocity of the laser pulse in the plasma being smaller than the light speed in vaccum. The electron bunch would be decelerated and lose energy. This limits the energy gain and degrades the energy spread of the electron bunch in the bubble. The electron dephasing issue depends greatly on the parameters and profiles of the pulse and background plasma. PUKHOV et al. proposed talioring the plasma density profile to upshift the dephasing limitation and keep phase synchronism between the injected bunch and wake wave over extended distances [14] . KALMYKOV et al. demonstrated that when the bubble expansion is followed by contraction, it limits the number and energy spread of the accelerated bunch with appropriate parameters of the laser and background plasma [15] . WEN et al. found that the injected bunch can be stably accelerated at the bubble backside by optimizing the density gradient of the background plasma [16] . The dephasing issue can also be overcome by using a plasma wakefield acceleration (PWFA) scheme driven by a short electron beam [17, 18] . In the PWFA experiments, some electrons had their energy doubled from 42 GeV to 85 GeV over a length of 85 cm [19] . However, the energy spectrum of the resulting electron beam has a large energy spread.
In this letter, we use two-dimensional (2D) particlein-cell (PIC) simulations to investigate the control of the process of bubble expansion and contraction by adding a dense-plasma wall in the underdense plasma. The parameters of the laser power and plasma density satisfy the condition that the pump depletion length is smaller than the dephasing length and the inner diameter of the wall matches the lateral bubble size. We analyse the effects of the self-injection and acceleration of the electrons on the accelerating field of the bubble and its profile. Specifically, the mode transition from the LWFA to PWFA of electron acceleration is discussed. We find that the electrons trapped by the bubble during the LWFA stage are quasi phase-stably accelerated forward at the bubble bottom. When the injected bunch generated from the LWFA scheme moves into the bubble front, a plasma wakefield emergences and traps the electrons remaining in the channel. There are two quasimonoenergetic electron bunches with narrow energy spread running out of the plasma slab.
PIC simulation results and analysis
2D simulations were carried out using the PIC code VORPAL [20] . A bi-Gaussian laser pulse with λ = 0.8 µm propagates along the x-axis and is linearly polarized in the z direction. The normalized amplitude of the laser pulse is a 0 =15, which corresponds to peak intensity I 0 = 5.1 × 10 20 W/cm 2 . The pulse focal spot size is w 0 = 6.72 µm at full-width at half-maximum (FWHM), and the pulse duration is τ L = 10 fs. The density of the underdense plasma is n 0 = 0.01n c , where
2 is the critical density and ω is the laser frequency. The simulation box is 110×60 µm 2 corresponding to 3300×2400 cells. The plasma slab is initially from x = 20 µm to x=1 mm. In the model, the pump depletion length
The trapped electrons can be accelerated synchronically forward until the laser pulse is completely depleted. Then the mode transition from LWFA to PWFA will occur.
We carry out the simulations with and without the plasma wall so as to study the effect of the wall on electron self-injection and acceleration. The 3D effect of the plasma wall corresponds to a hollow tube. The wall has the density n w = n c , wall thickness d w = 2 µm and inner radius R w = 11.3 µm. Fig. 1 shows the spatiotemporal evolution of the charge density on the axis of laser propagation. In Fig. 1(a) , electron self-injection occurs at about t=0.6 ps, when the bubble begins to expand rapidly, and it continues until about t=1.3 ps, then the trapped electron bunch outruns the bubble wakefield. The acceleration scheme transits from LWFA to PWFA. A plasma wakefield is excited by the electron bunch at t=1.7 ps and traps the electrons behind the first electron bunch. With the dense-plasma wall, the bubble longitudinal size extends and reaches its maximum at about t=0.6 ps, when the lateral bubble size equals the inner diameter of the wall. After that, the bubble size starts to decrease. The bubble front moves at a constant velocity, as can be seen in Fig. 1(b) from the constant ratio of the bubble front. This means that the bubble backside contraction changes the bubble size, which is in favor of quasi phase-stable acceleration of the self-trapped electrons. The electron bunch generated from the LWFA scheme will also drive a plasma wakefield at about t=1.5 ps. Electrons remaining in the channel can be trapped and accelerated through the PWFA scheme. Fig.1 The spatiotemporal evolution of the charge density along the axis of laser propagation without (a) and with (b) the dense plasma wall (color online) Fig. 2 shows the electron densities in the (x, y) plane by adding the dense-plasma wall at t=0.6 ps, 1.2 ps, 3.2 ps, and 3.48 ps, respectively. Simulation results indicate that there are roughly three stages of electron acceleration: (a) the continuous self-injection stage, (b) the stage of clipping the injected bunch and its quasistable acceleration [21] , (c) the PWFA stage. In the continuous self-injection stage, the physical processes of bubble expansion and electron trapping are the same as that in the uniform plasma before about t=0.6 ps, when the bubble touches the inner wall as shown in Fig. 2(a) . The injected bunch has a length of about 12 µm and contains about 5×10 10 electrons. After that, the laser pulse interacts with the wall and the latter prevents further expansion of the bubble. The wall electrons are expelled outward and a positive-charged layer is generated near the lateral bubble edge. Some electrons from the wall move into the rear sheath of the bubble and may even be trapped in the bubble backside, which enhances the longitudinal acceleration field. The bubble backside velocity is larger than that in the case of uni-LIU Mingping et al.: Electron Acceleration During the Mode Transition from Laser Wakefield to PWFA form plasma without the wall. There is a transverse electrostatic field near the wall due to the positivecharged wall, which is directed toward the x-axis as shown in Fig. 3(a) . The rear sheath of the bubble near the wall will move more slowly than the bubble backside. The shrink of the bubble is enhanced from comparing Fig. 1(a) with Fig. 1(b) . The rear part of the self-injected bunch is clipped behind the bottom of the bubble, seen in Fig. 2(b) . The clipped bunch pushes the electrons in front of it and drives a second bubble, which tends to increase the density of the bubble backside and enhances the longitudinal field, as illustrated in Fig. 3(b) . The electrons in the rear sheath of the bubble will experience a weaker expelling force from the clipped electron bunch, and then they move to the x-axis more easily. The curvature of the bubble bottom becomes small, and the clipping of the injected bunch stops. Finally, it comes to the quasi phase-stable acceleration stage. In this stage, the local curvature of the bubble becomes nearly zero. The trapped bunch almost always stays close to the bubble bottom and experiences the largest acceleration field of the bubble. Hence, the bunch is quasi phase-stably accelerated forward and obtains a much higher energy with a low energy spread. As the laser is depleted gradually, the self-injected bunch outruns the bubble wakefield and moves into the bubble front. A new plasma wakefield behind the injected bunch is generated and traps electrons remaining in the channel at its backside as shown in Fig. 2(c) . The injected bunch from the LWFA scheme is assumed to be the bi-Gaussian beam. The maximum radius of the bubble can be given as [9] , where k p = ω p /c, ω p is the plasma frequency, n b is the density of the driving bunch, σ γ is the transverse beam size. The driving bunch has a transverse size of about σ γ =0.7 µm and its density is about 20n 0 . According to the former formula, it gives R max = 6.26 µm, which is close to the PIC data of 6 µm. At t=3.48 ps, two bunches generated by the LWFA and PWFA schemes, respectively, run out of the plasma slab as shown in Fig. 2(d) . Fig.2 The distributions of the electron density at (a) t = 0.6 ps, (b) t = 1.2 ps, (c) t = 3.2 ps, and (d) t = 3.48 ps, respectively (color online)
The temporal evolution of the electron energy spectrum is shown in Fig. 4 . In the LWFA, the energy spectrum of the trapped electron bunch is two peaks because of multiple self-injections at t=1.2 ps. As the bubble shape can be longitudinally shrunk, the electrons with a lower peak energy of 420 MeV would be clipped. The quasi-monoenergetic feature of the trapped electron bunch can be conserved when it drives a plasma wakefield. At t=3.2 ps, an electron bunch is self-injected in the plasma wakefield. One can see that the energy spectrum has two peaks. The electron bunch generated from the LWFA is accelerated to a peak energy of 860 MeV with a 7% energy spread and its maximum energy is up to 930 MeV, while the peak energy of the electron bunch trapped by the PWFA reaches 220 MeV and its energy spread is 11%. After the two quasi-monoenergetic electron bunches run out of the plasma slab, the peak energy of the electron bunch from the PWFA scheme is further accelerated to 300 MeV, and the character of the energy spectrum of the trapped bunch from the LWFA is invariable as shown in Fig. 4 . As a comparison, the energy spectrum Fig.3 (a) Transverse electric field and (b) longitudinal electric field, normalized to the laser field, at t = 1.2 ps (color online) Fig.4 The temporal evolution of the electron energy spectrum (color online) of a self-injected electron bunch without a plasma wall is also presented. We can see that the maximum energy of electrons is only 680 MeV and its energy spread is up to 40%. Furthermore, Fig. 4 shows the angular divergence of the electrons at t=3.48 ps. The trapped electron bunches from the LWFA and PWFA are about ±17 mrad and ±78 mrad angular divergences, respectively, as shown in Fig. 5(a) , in comparison with that without the wall where the trapped electron bunches from the LWFA and PWFA are about ±90 mrad and ±170 mrad angular divergences, respectively, as shown in Fig. 5(b) . One can see that the electron acceleration with the wall yields electron bunches with much higher energy as well as smaller angular divergence. 
Conclusion and discussion
In summary, the evolution of wake bubble and the quasi phase-stable acceleration of electrons by adding dense-plasma wall in the background plasma with an ultra-intensive ultrashort laser pulse have been studied in detail. The parameters of laser power and plasma density satisfy the condition that the pump depletion length is smaller than the dephasing length. The electrons are continuously injected into the cavity during bubble expansion until its lateral size equals the inner diameter of the wall. The plasma-wall electrons are expelled outward to cause a dense positive-charged wall at the lateral bubble edge, which significantly enhances the longitudinal electrostatic field. The bubble shrunk longitudinally and then the electron self-injection terminates. The injected bunch from the LWFA scheme is clipped, which further enhances the bubble wakefield. The electron bunch always staying close to the bubble bottom is quasi phase-stably accelerated forward and subjects to the largest acceleration field. When the laser pulse is depleted completely, a plasma wakefield is driven by the injected bunch from the LWFA scheme and traps the electrons remaining in the channel. Consequently, two high-quality electron bunches with a narrow energy spread and much high energy and low emittance are obtained over a long laser-plasma interaction distance. The control of electron self-injection by the dense-plasma wall in our physical model can be realized in gas filled capillaries by a TW or PW laser pulse [22] .
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